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Abstract

Development of nanoparticle-based drug delivery systems has been attempted for the treatment of cancer over
the past decade. The enhanced permeability and retention (EPR) effect is the major mechanism to passively deliver
nanodrugs to tumor tissue. However, a recent systematic review demonstrated limited success of these studies,
with the clearance of nanoparticles by the mononuclear phagocytic system (MPS) being a major hurdle. Herein, we
propose that nanotechnologists should reconsider their research focuses, aiming for therapeutic targets other than
cancer. Treatments for diseases that do not (or less) rely on EPR should be considered, such as active targeting or
MPS evasion systems. For example, systemic delivery of drugs through intravenous injection can be used to treat

sepsis, multi-organ failure, metabolic disorders, blood diseases, immune and autoimmune diseases, etc. Local
delivery of nanodrugs to organs such as the lung, rectum, or bladder may enhance the local drug concentration
with less clearance via MPS. In transplant settings, ex vivo organ perfusion provides a new route to repair injury
of isolated organs in the absence of MPS. Based on a similar concept, chemotherapy with in vivo lung perfusion
techniques and other isolated organ perfusion provides opportunities for cancer therapy.
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Background

Over the past decade, the explosion of nanoparticle-related
drug delivery research has outpaced that of gene therapy
and human embryonic stem cell-based therapy research.
As with gene therapy and embryonic stem cell research, the
main focus of nanoparticle research is a cure for cancer and
optimism for other diseases. The enhanced permeability
and retention (EPR) effect is considered the major mechan-
ism for nanoparticle-related therapy in cancer [1]. However,
a recent study conducted by Wilhelm et al. serves as a
sharp rebuke to the effectiveness of this mechanism. This
meta-analysis examines nanoparticle research over the past
decade and reveals that only a median of 0.7% of the
injected doses of nanoparticles passively reached target
tumors, a percentage too low to have significant pharmaco-
logical effect after translating to a human equivalent dosage
[2]. Indeed, this is reflected by the relatively few nanoparti-
cle therapies approved for market by the Food and Drug
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Administration [3]. Moreover, well-known approved
nanotherapies, such as Abraxane and Doxil, do not provide
improved therapeutic index or diagnostics. Rather, they
have improved toxicological profile over their “naked” drug
form [2, 4]. The dosimetry analysis of Wilhelm et al.
demonstrates that translation of nanoparticle therapy for
tumors requires more understanding of basic nanoparticle
interactions, and a 30-year research plan proposed [2]
indicates that we need to re-think the directions of
nanoparticle-related therapy research.

In addition to long-term plans aimed at systematically
exploring the mechanisms and methodologies that may
improve foundational nanotechnology understanding,
for example, active targeting strategies with peptides,
antibodies, or other types of ligands that specifically
target to certain types of cancer cells, new avenues to
translate potential nanoparticle-related therapies to
clinical practice are required. We should think “outside
the box” to convert the limitations of nanoparticle
delivery to therapeutic advantage; aim for therapeutic
targets other than cancer; develop systemic delivery of
therapeutics for sepsis, organ failure, metabolic
disorders, blood diseases, and immune and autoimmune
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diseases; and develop local delivery of nanoparticle ther-
apies to target organs either in vivo (inside the body) or
ex vivo (outside of the body) (Fig. 1).

Converting the Limitations of Nanoparticle
Delivery to Therapeutic Advantages

The primary cause of the ineffective delivery, and thus
translation of nanotherapies, is the capture of the vast
majority of the nanoparticles by the mononuclear phago-
cytic system (MPS). The MPS is composed of monocytes
and macrophages primarily located in the liver, spleen,
and lung, which selectively capture nanometer-sized parti-
cles to regulate homeostasis and microbial immunity.
Nanoparticles are efficiently sequestered to these cell
populations and accumulate in these organs in varying
proportions dependent on nanoparticle size, shape, and
surface modification. Attempts have been made to
overcome these challenges, for instance, stabilizing parti-
cles sterically rather than electrostatically [5], conjugating
“self” component(s) to the nanoparticle surface [6], and
coating nanoparticles with cell membranes extracted from
red blood cells or leukocytes [7]. Despite these develop-
ments, there remains a lack of understanding concerning
the precise chemical interactions between nanoparticles
and cells and organ architecture of the MPS.

However, if we reframe our therapeutic objectives to the
diseases that affect the major organs of the MPS, such as
the liver, spleen and lungs, the accumulation of nanoparti-
cles in these organs may enhance delivery and therapeutic
efficacy of nanoparticle-conjugated drugs. Therapeutic
treatments of liver inflammation and fibrosis by nanome-
dicine with cell-specific targeting strategies have been pro-
posed [8]. Moreover, for drugs that may not need to enter
into cells or drugs that have broad effects on multiple cell
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types, enriched tissue concentrations could be beneficial.
Therefore, other diseases of the liver and spleen, such as
hepatitis, hepatic carcinoma, fatty liver, or splenomegaly
caused by leukemia, lymphoma, or AIDS, could also be
targets of nanomedicine. An attractive group of diseases
affecting the cells of the MPS are the genetically inherited
and severe lysosomal storage diseases and glycogen
storage diseases, which may be attractive targets of
pharmaceutical companies, as these are rare diseases and
treatments may gain lucrative orphan drug statuses.

Changing the Targets: Application of Nanoparticle
Therapy for Systemic Diseases

A systematic review on nanoparticle clinical trials
demonstrates that the majority of biomedical nanoparti-
cle research and conceptual thinking takes place within
the context of treating tumors [9]. Effective treatment of
tumors requires long-term retention of drugs carried by
nanoparticles in tumor tissue, which is severely hindered
by the MPS. Instead of focusing on cancer, nanotechnol-
ogists should collaborate with clinicians to develop new
therapeutics that target systemic diseases, which do not
rely on EPR.

Many infectious diseases, viral, bacterial, and fungal
infections, are systemic. Even though antibiotic, anti-viral,
and anti-fungal drugs are available, systemic inflammatory
responses, septic shock, and multi-organ dysfunction syn-
drome are life-threatening. Multi-organ dysfunction syn-
drome can also be induced by trauma, burn, hemorrhagic
shock/resuscitation, major surgery, etc. Other than life
support, there is no specific clinical therapy. Experimen-
tally, many drugs have been found effective in animal
models; however, to make them clinically available, nano-
technology is required to improve drug delivery. Attempts

Systemic Diseases:

Multi organ dysfunction syndrome induced by trauma, burn,
septic shock, haemorrhagic shock/resuscitation, major surgery, etc.
Metabolic disorders, such as diabetes, gout, hypercholesterolemia
Immune and autoimmune disorders, such as inflammatory bowel
diseases, psoriasis and rheumatoid arthritis
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Fig. 1 New avenues for nanoparticle-related therapies. Potential application of nanodrug formulations for clinical situations less relies on passive
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to make intravenously injectable formulas for hydrophobic
drugs have been undertaken [10, 11]. Gold nanoparticles
have been used as carriers to deliver peptide drugs that
target Toll-like receptors or block intracellular signal
transduction pathways of excessive inflammatory
responses [12, 13]. Nanoparticle-based therapy could open
a new avenue in this line of research.

Other systemic diseases may also be benefited by
nanoparticle-related therapies. Nanoparticle-based anti-
diabetic drug delivery has been developed [14]. Function-
alized nanoparticles have been considered in treatments
for gout [15]. Other metabolic disorders, such as hyper-
cholesterolemia, may also be benefited by nanomedicine.

In hematology, by blocking drug efflux, nanotechnology
may counter multiple drug resistance in leukemia [16];
gold nanoparticle has been used as a nanocarrier for anti-
leukemic drugs [17]. Nanoparticles can be engineered to
be pro-coagulant or to carry coagulation-initiating factors
to treat disorders in blood coagulation. They can also be
designed to be anticoagulant or to carry anticoagulant
drugs [18, 19]. Nanoparticle-based thrombolytic agents
may improve clot removal [16].

Nanoparticles can also be used for treatments of
immune and autoimmune disorders. Capture of nanopar-
ticles by MPS cells can be used as a targeting strategy for
innate immune cells, such as macrophages, dendritic cells,
and neutrophils, to treat inflammatory diseases and auto-
immune disorders, such as inflammatory bowel diseases,
psoriasis, and rheumatoid arthritis [20, 21]. Allergen-
specific immunotherapy is a cause-oriented therapy for
allergic asthma and rhinoconjunctivitis. Encapsulation of
allergens or DNA vaccines into nanostructures may
reduce their degradation, enhance local concentration and
targeted delivery, and prevent recognition of allergens by
antibodies [22]. Synthetic nanoparticles play a significant
role in vaccine design and development [23].

For many systemic diseases, multiple organ systems and
multiple cell types are involved. For example, excessive
inflammatory responses and different types of cell death
are seen in many systemic diseases. Using broad therapeu-
tics that has beneficial effects in multiple cell types could
be advantageous. In these contexts, nanoparticles are
taken advantage of as delivery platform to enhance the
solubility of hydrophobic drugs, allow delivery of peptide
drugs into cells, reduce the toxicity of drugs, and extend
the retention of medication. Moreover, nanoparticles may
be functionalized to enhance the therapeutic effects [21].

Local Delivery of Nanoparticle Therapies to
Targeted Organs In Vivo

The concept of drug delivery to specific areas of the body
is not a new idea: intraocular and ear drops, dermal
patches, and inhalation of aerosolized drugs are all used to
achieve higher drug concentration in their treatment
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areas. However, how to apply nanotechnology to enhance
local delivery should be given more consideration. Nano-
technology could be used to further modify and enhance
the local drug delivery in vivo [16]. For example, a hydro-
phobic compound, PP2 (Src protein tyrosine kinase
inhibitor) has been incorporated in a nanoformulation
using self-assembly peptides and amino acids to enhance
intra-tracheal delivery and reduce acute lung injury [10].

In addition to the lung, the stomach, rectum, and bladder
are relatively easy targets for local drug delivery. Gastric
access via nasogastric tubes or gastrostomy tubes provides
route for nutrition support and drug delivery [24]. Enema
has been used for topical administration of medication into
the rectum, for the treatment of inflammatory bowel
diseases, ulcerative colitis, and other diseases, which avoids
having the medication passing through the whole gastro-
intestinal tract [25]. The intravesical instillation of drugs
has been used to treat superficial bladder cancer [26], pain-
ful bladder syndrome and recurrent urinary tract infection
[27], and other diseases. Nanoparticle-based drugs can be
delivered through these techniques.

With the development of minimally invasive surgery,
more internal organs can be reached for local therapy. For
example, the ability of nanoparticles to permeate into
and/or retain in the inflamed joint after intra-articular
administration has been beneficial in improving rheuma-
toid arthritis therapy while reducing systemic exposure to
potentially toxic drugs [28]. Nanoparticles can stabilize
and carry biomaterials across the round window mem-
brane into the inner ear, which has been developed for the
treatment of sensorineural hearing loss [29].

Local Delivery of Nanoparticle Therapies to
Targeted Organs Ex Vivo

In lung transplantation, the development of the ex vivo
lung perfusion (EVLP) system provides an opportunity
to assess the function of donor lungs. Donor lungs
preserved at low temperature are gradually warmed to
body temperature, ventilated, and perfused for functional
assessment. This has increased the number of lung
transplants with satisfactory quality [30]. Moreover, the
EVLP technique provides a platform for organ repair
[31]. Multiple therapeutics, including drugs, anti-
inflammatory interleukin-10 gene therapy, antibiotics,
and mesenchyme stromal cells, have been tested for effi-
cacy in EVLP [32-35]. EVLP is ideal for the effective
delivery of nanoparticle-related therapy. In the isolated
lung, the dosage of therapeutics can be significantly
reduced. In the absence of the liver, spleen, and kidney,
the loss of nanoparticles through these organs is elimi-
nated. Using EVLP as a platform, therapeutic effects can
be tested without risk of patients. Only donor lungs that
meet the clinical criteria will be used for transplantation.
Moreover, pilot studies for ex vivo organ perfusion are
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currently in development for kidney [36], heart [37], and
liver [38] transplantation. Some initial evidence for the
possible success of such strategies comes in a recent
study, where a small interfering RNA nanoparticle was
delivered to human arterial allografts during ex vivo per-
fusion and successfully knocked-down MHC class II
when transplanted to immunodeficient mouse hosts
[39]. Furthermore, ex vivo organ perfusion can be used
as a model to study how nanomaterials are processed
within specific organs in a simplified environment. This
will help us understand the pharmacodynamics of
nanoparticle-based therapeutics in vivo and further im-
prove drug delivery. The ex vivo organ perfusion systems
provide unique opportunities to test the effectiveness of
therapeutics on human organs before being used in
patients. These treatments are invasive and technically
demanding; thus, collaborations between nanoscientists
and surgical teams are highly encouraged. The interdis-
ciplinary approaches will transform research in nano-
technology, as well as translational research in organ
transplantation.

Local Delivery of Nanoparticle Therapies to
Targeted Organs In Vivo—Back to Cancers
Recently, an in vivo lung perfusion system has been
developed based on the success of EVLP. After removal
of larger, detectable tumors, high-dose chemotherapy
drugs are delivered only to the lung through this perfu-
sion system to treat metastatic cells migrated from other
organs into the lung, avoiding systemic side effects of
chemotherapy drugs to other organs [40]. Nanoparticle-
based anti-cancer therapies can be delivered using this
system to further reduce the toxicity of chemotherapy to
the lung, while evading the loss of nanoparticle dose to
the liver, spleen, and kidney.

Of note, isolated limb infusion chemotherapy for
melanoma [41] and isolated hepatic perfusion have
been developed for cancer patients with liver metasta-
ses [42, 43]. These procedures are not without their risks;
the protocols are complex and involve well-trained surgical
teams and specialized equipment. However, as these sys-
tems successfully isolate delivery of drugs and thus evade
the MPS, these systems represent a method of foundational
exploration of nanoparticles and an immediate translational
path to the clinic. These local delivery strategies, either in
vivo or ex vivo, may also help to reduce the toxicity nor-
mally associated with the systemic delivery of nanoparticles
[44]. It should be pointed out that many tumor cell metas-
tases could affect multiple organs; active targeting is a
better option in these conditions, especially when the meta-
static tumors are too small to be detected yet.

In summary, the suggestions by Wilhelm et al. to
recommit to foundational studies will no doubt lead to
tremendous positive developments in the future.
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However, a step back is never taken with enthusiasm,
and when there are more direct paths to translation
through new technologies, it is paramount that we
pursue those paths, translational and foundational, in
parallel.

Abbreviations
EPR: Enhanced permeability and retention; EVLP: Ex vivo lung perfusion;
MPS: Mononuclear phagocytic system

Funding

This work is supported by the Canadian Institutes of Health Research
(operating grants MOP-42546, MOP-119514, and PJT-148847) and an Ontario
Research Fund-Research Excellence award.

Authors’ Contributions
Both authors contributed equally to this work. Both authors read and
approved the final manuscript.

Authors’ Information

Michael Zhao received his BSc degree from McGill University. He was a
graduate student in Dr. Mingyao Liu’s lab at the Institute of Medical Science,
University of Toronto. Currently, he is a medical student at the Wayne State
University School of Medicine.

Dr. Mingyao Liu is a Professor of Surgery, Medicine and Physiology, and
Director of Institute of Medical Science, at the Faculty of Medicine, University
of Toronto. Dr. Liu holds the James and Mary Davie Chair in Lung Injury,
Repair and Regeneration. He is also Head of the Respiratory and Critical Care
Research and a Senior Scientist at the Toronto General Hospital Research
Institute, University Health Network.

Competing Interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

"Latner Thoracic Surgery Research Laboratories, Toronto General Hospital
Research Institute, University Health Network, 101 College Street, Room:
TMDT2-814, Toronto, Ontario M5G 1L7, Canada. “Institute of Medical Science,
University of Toronto, Toronto, Canada. 3Departmem of Surgery, University of
Toronto, Toronto, Canada. “Department of Medicine, University of Toronto,
Toronto, Canada. 5Department of Physiology, University of Toronto, Toronto,
Canada.

Received: 20 January 2018 Accepted: 19 April 2018
Published online: 08 May 2018

References

1. Fang J, Nakamura H, Maeda H (2011) The EPR effect: unique features of
tumor blood vessels for drug delivery, factors involved, and limitations and
augmentation of the effect. Adv Drug Deliv Rev 63:136-151. https://doi.org/
10.1016/j.addr.2010.04.009

2. Wilhelm S, Tavares AJ, Dai Q et al (2016) Analysis of nanoparticle delivery to
tumours. Nat Rev Mater 1:16014. https://doi.org/10.1038/natrevmats.2016.14

3. Anselmo AC, Mitragotri S (2016) Nanoparticles in the clinic. Bioeng Transl
Med 1:10-29. https://doi.org/10.1002/btm2.10003

4. Park K (2013) Facing the truth about nanotechnology in drug delivery. ACS
Nano 7:7442-7447. https://doi.org/10.1021/nn404501g

5. Li S-D, Huang L (2009) Nanoparticles evading the reticuloendothelial
system: role of the supported bilayer. Biochim Biophys Acta 1788:2259-
2266. https;//doi.org/10.1016/jbbamem.2009.06.022

6. Rodriguez PL, Harada T, Christian DA et al (2013) Minimal “self" peptides
that inhibit phagocytic clearance and enhance delivery of nanoparticles.
Science 339:971-975. https://doi.org/10.1126/science.1229568


https://doi.org/10.1016/j.addr.2010.04.009
https://doi.org/10.1016/j.addr.2010.04.009
https://doi.org/10.1038/natrevmats.2016.14
https://doi.org/10.1002/btm2.10003
https://doi.org/10.1021/nn404501g
https://doi.org/10.1016/j.bbamem.2009.06.022
https://doi.org/10.1126/science.1229568

Zhao and Liu Nanoscale Research Letters (2018) 13:136

20.

22.

23.

24.

25.

26.

27.

28.

29.

Parodi A, Quattrocchi N, van de Ven AL et al (2013) Synthetic nanoparticles
functionalized with biomimetic leukocyte membranes possess cell-like
functions. Nat Nanotechnol 8:61-68. https://doi.org/10.1038/nnano.2012.212
Bartneck M, Warzecha KT, Tacke F (2014) Therapeutic targeting of liver
inflammation and fibrosis by nanomedicine. Hepatobiliary Surg Nutr 3:364-
376. https;//doi.org/10.3978/j.issn.2304-3881.2014.11.02

Etheridge ML, Campbell SA, Erdman AG et al (2013) The big picture on small
medicine: the state of nanomedicine products approved for use or in clinical
trials. Nanomedicine 9:1-14. https://doi.org/10.1016/1.nan0.2012.05.013

Fung S-Y, Oyaizu T, Yang H et al (2011) The potential of nanoscale
combinations of self-assembling peptides and amino acids of the Src
tyrosine kinase inhibitor in acute lung injury therapy. Biomaterials 32:4000-
4008. https://doi.org/10.1016/j.biomaterials.2011.02.005

Pacheco S, Kanou T, Fung S-Y et al (2016) Formulation of hydrophobic
therapeutics with self-assembling peptide and amino acid: a new platform
for intravenous drug delivery. J Control Release 239:211-222. https://doi.
0rg/10.1016/j.jconrel.2016.08.038

Yang H, Fung S-Y, Xu S et al (2015) Amino acid-dependent attenuation of
toll-like receptor signaling by peptide-gold nanoparticle hybrids. ACS Nano
9:6774-6784. https;//doi.org/10.1021/nn505634h

Lee D, Zhao J, Yang H et al (2015) Effective delivery of a rationally designed
intracellular peptide drug with gold nanoparticle-peptide hybrids. Nano 7:
12356-12360. https://doi.org/10.1039/c5nr02377g

Kesharwani P, Gorain B, Low SY et al (2017) Nanotechnology based
approaches for anti-diabetic drugs delivery. Diabetes Res Clin Pract 136:52—
77. https;//doi.org/10.1016/j.diabres.2017.11.018

Henderson CS, Madison AC, Shah A (2014) Size matters—nanotechnology
and therapeutics in rheumatology and immunology. Curr Rheumatol Rev
10:11-21

Buxton DB (2009) Nanomedicine for the management of lung and blood
diseases. Nanomedicine 4:331-339. https://doi.org/10.2217/nnm.09.8

Tatar A-S, Nagy-Simon T, Tomuleasa C et al (2016) Nanomedicine

approaches in acute lymphoblastic leukemia. J Control Release 238:123-138.

https.//doi.org/10.1016/jjconrel.2016.07.035

llinskaya AN, Dobrovolskaia MA (2013) Nanoparticles and the blood
coagulation system. Part |: benefits of nanotechnology. Nanomedicine
(Lond) 8:773-784. https://doi.org/10.2217/nnm.13.48

llinskaya AN, Dobrovolskaia MA (2013) Nanoparticles and the blood
coagulation system. Part II: safety concerns. Nanomedicine 8:969-981.
https.//doi.org/10.2217/nnm.13.49

Prosperi D, Colombo M, Zanoni |, Granucci F (2017) Drug nanocarriers to
treat autoimmunity and chronic inflammatory diseases. Semin Immunol 34:
61-67. https;//doi.org/10.1016/j.smim.2017.08.010

Soica C, Coricovac D, Dehelean C et al (2016) Nanocarriers as tools in
delivering active compounds for immune system related pathologies.
Recent Pat Nanotechnol 10:128-145

Pohlit H, Bellinghausen I, Frey H, Saloga J (2017) Recent advances in the use
of nanoparticles for allergen-specific immunotherapy. Allergy 72:1461-1474.
https://doi.org/10.1111/all.13199

Chattopadhyay S, Chen J-Y, Chen H-W, Hu C-MJ (2017) Nanoparticle
vaccines adopting virus-like features for enhanced immune potentiation.
Nano 1:244-260. https://doi.org/10.7150/ntno.19796

Kurien M, Penny H, Sanders DS (2015) Impact of direct drug delivery via
gastric access devices. Expert Opin Drug Deliv 12:455-463. https://doi.org/
10.1517/17425247.2015.966683

Christophi GP, Rengarajan A, Ciorba MA (2016) Rectal budesonide and
mesalamine formulations in active ulcerative proctosigmoiditis: efficacy,
tolerance, and treatment approach. Clin Exp Gastroenterol 9:125-130.
https://doi.org/10.2147/CEG.S80237

Malmstrém P-U (2003) Intravesical therapy of superficial bladder cancer. Crit
Rev Oncol Hematol 47:109-126. https://doi.org/10.1016/51040-
8428(03)00075-1

Raymond |, Vasdev N, Ferguson J et al (2012) The clinical effectiveness of
intravesical sodium hyaluronate (cystistat®) in patients with interstitial
cystitis/painful bladder syndrome and recurrent urinary tract infections. Curr
Urol 6:93-98. https://doi.org/10.1159/000343517

O'Mary H, Del Rincon |, Cui Z (2016) Nanomedicine for intra-articular drug
delivery in rheumatoid arthritis. Curr Med Chem 23:2490-2506

Li L, Chao T, Brant J et al (2017) Advances in nano-based inner ear delivery
systems for the treatment of sensorineural hearing loss. Adv Drug Deliv Rev
108:2-12. https;//doi.org/10.1016/j.addr.2016.01.004

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Page 5 of 5

Cypel M, Yeung JC, Liu M et al (2011) Normothermic ex vivo lung perfusion
in clinical lung transplantation. N Engl J Med 364:1431-1440. https.//doi.
0rg/10.1056/NEJMoa1014597

Gao X, Liu W, Liu M (2017) Ex vivo lung perfusion: scientific research and
clinical application. Pract J Organ Transplant 5:177-187. https://doi.org/10.
3969/j.issn.2095-5332.2017.03.003

Cypel M, Liu M, Rubacha M et al (2009) Functional repair of human donor
lungs by IL-10 gene therapy. Sci Transl Med 1:4ra9. https://doi.org/10.1126/
scitransimed.3000266

Nakajima D, Cypel M, Bonato R et al (2016) Ex vivo perfusion treatment of
infection in human donor lungs. Am J Transplant 16:1229-1237. https://doi.
0rg/10.1111/ajt.13562

Mordant P, Nakajima D, Kalaf R et al (2016) Mesenchymal stem cell treatment
is associated with decreased perfusate concentration of interleukin-8 during ex
vivo perfusion of donor lungs after 18-hour preservation. J Hear Lung
Transplant. https//doi.org/10.1016/j.healun.2016.04017

Lin H, Chen M, Tian F, et al (2017) al-Anti-trypsin improves function of
porcine donor lungs during ex-vivo lung perfusion. J Heart Lung Transplant
0: . doi: https.//doi.org/10.1016/j.healun.2017.09.019

Hosgood SA, Barlow AD, Dormer J, Nicholson ML (2015) The use of ex-vivo
normothermic perfusion for the resuscitation and assessment of human
kidneys discarded because of inadequate in situ perfusion. J Transl Med 13:
329. https://doi.org/10.1186/512967-015-0691-x

Ardehali A, Esmailian F, Deng M et al (2015) Ex-vivo perfusion of donor
hearts for human heart transplantation (PROCEED Il): a prospective, open-
label, multicentre, randomised non-inferiority trial. Lancet 385:2577-2584.
https://doi.org/10.1016/50140-6736(15)60261-6

Ravikumar R, Jassem W, Mergental H et al (2016) Liver transplantation after
ex vivo normothermic machine preservation: a phase 1 (first-in-man) clinical
trial. Am J Transplant 16:1779-1787. https.//doi.org/10.1111/ajt.13708

CuiJ, Qin L, Zhang J et al (2017) Ex vivo pretreatment of human vessels
with siRNA nanoparticles provides protein silencing in endothelial cells. Nat
Commun 8:191. https://doi.org/10.1038/541467-017-00297-x

Reck Dos Santos P, Sakamoto J, Chen M et al (2016) Modified in vivo lung
perfusion for local chemotherapy: a preclinical study with doxorubicin. Ann
Thorac Surg 101:2132-2140. https://doi.org/10.1016/j.athoracsur.2015.12.043
Giles MH, Coventry BJ (2013) Isolated limb infusion chemotherapy for
melanoma: an overview of early experience at the Adelaide Melanoma Unit.
Cancer Manag Res 5:243-249. https://doi.org/10.2147/CMAR.S45746
Vahrmeijer AL, Van Der Eb MM, Van Dierendonck JH et al (1998) Delivery of
anticancer drugs via isolated hepatic perfusion: a promising strategy in the
treatment of irresectable liver metastases? Semin Surg Oncol 14:262-268
Reddy SK, Kesmodel SB, Alexander HR (2014) Isolated hepatic perfusion for
patients with liver metastases. Ther Adv Med Oncol 6:180-194. https://doi.
org/10.1177/1758834014529175

Zoroddu MA, Medici S, Ledda A et al (2014) Toxicity of nanoparticles. Curr
Med Chem 21:3837-3853

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1038/nnano.2012.212
https://doi.org/10.3978/j.issn.2304-3881.2014.11.02
https://doi.org/10.1016/j.nano.2012.05.013
https://doi.org/10.1016/j.biomaterials.2011.02.005
https://doi.org/10.1016/j.jconrel.2016.08.038
https://doi.org/10.1016/j.jconrel.2016.08.038
https://doi.org/10.1021/nn505634h
https://doi.org/10.1039/c5nr02377g
https://doi.org/10.1016/j.diabres.2017.11.018
https://doi.org/10.2217/nnm.09.8
https://doi.org/10.1016/j.jconrel.2016.07.035
https://doi.org/10.2217/nnm.13.48
https://doi.org/10.2217/nnm.13.49
https://doi.org/10.1016/j.smim.2017.08.010
https://doi.org/10.1111/all.13199
https://doi.org/10.7150/ntno.19796
https://doi.org/10.1517/17425247.2015.966683
https://doi.org/10.1517/17425247.2015.966683
https://doi.org/10.2147/CEG.S80237
https://doi.org/10.1016/S1040-8428(03)00075-1
https://doi.org/10.1016/S1040-8428(03)00075-1
https://doi.org/10.1159/000343517
https://doi.org/10.1016/j.addr.2016.01.004
https://doi.org/10.1056/NEJMoa1014597
https://doi.org/10.1056/NEJMoa1014597
https://doi.org/10.3969/j.issn.2095-5332.2017.03.003
https://doi.org/10.3969/j.issn.2095-5332.2017.03.003
https://doi.org/10.1126/scitranslmed.3000266
https://doi.org/10.1126/scitranslmed.3000266
https://doi.org/10.1111/ajt.13562
https://doi.org/10.1111/ajt.13562
https://doi.org/10.1016/j.healun.2016.04.017
https://doi.org/10.1016/j.healun.2017.09.019
https://doi.org/10.1186/s12967-015-0691-x
https://doi.org/10.1016/S0140-6736(15)60261-6
https://doi.org/10.1111/ajt.13708
https://doi.org/10.1038/s41467-017-00297-x
https://doi.org/10.1016/j.athoracsur.2015.12.043
https://doi.org/10.2147/CMAR.S45746
https://doi.org/10.1177/1758834014529175
https://doi.org/10.1177/1758834014529175

	Abstract
	Background
	Converting the Limitations of Nanoparticle Delivery to Therapeutic Advantages
	Changing the Targets: Application of Nanoparticle Therapy for Systemic Diseases
	Local Delivery of Nanoparticle Therapies to Targeted Organs In Vivo
	Local Delivery of Nanoparticle Therapies to Targeted Organs Ex Vivo
	Local Delivery of Nanoparticle Therapies to Targeted Organs In Vivo—Back to Cancers
	Abbreviations
	Authors’ Contributions
	Authors’ Information
	Competing Interests
	Publisher’s Note
	Author details
	References

